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Abstract
Purpose Diabetes mellitus is an important aetiological fac-
tor in intervertebral disc degeneration. The disappearance of
notochordal cells in the nucleus pulposus is thought to be
the starting point for intervertebral disc degeneration. A
cellular effect of diabetes mellitus on apoptosis of noto-
chordal cells and intervertebral disc degeneration has been
recently reported. However, how the duration and severity
of diabetes mellitus affects viability of notochordal cells and
intervertebral disc degeneration is still unknown .
Methods Rat notochordal cells were isolated, cultured, and
placed in either 10 % foetal bovine serum (FBS) (normal
control) or 10 % FBS plus three different high glucose
concentrations (0.1 M, 0.2 M, and 0.4 M) (experimental
conditions) for one, three, five and seven days, respectively.
We identified and quantified the degree of proliferation and
apoptosis, caspase activities, and cleavages of Bid and
cytochrome-c. In addition, we examined the cells for ex-
pression of matrix metalloproteinases (MMPs) and their
tissue inhibitors of metalloproteinases (TIMPs).
Results Each three high glucose concentrations significantly
decreased proliferation and increased apoptosis of notochord-
al cells from culture days one to seven in a dose-dependent
manner. Compared with those of 10 % FBS, caspase-9 and -3
activities and cleavage of Bid and cytochrome-c were signif-
icantly increased in each three high glucose concentrations,
accompanied by increased expression of MMP-1, -2, -3, -7,
-9, and -13 and TIMP-1 and -2.
Conclusions High glucose concentration significantly de-
creased proliferation and increased apoptosis of notochordal
cells via the intrinsic pathway with dose- and time-dependent
effects. We also found that expression of MMPs and TIMPs

was increased with dose- and time-dependent effects.
Therefore, these results suggest that aggressive glucose con-
trol from an early stage of diabetes mellitus should be
recommended to prevent or limit intervertebral disc
degeneration.

Introduction

Diabetes mellitus is a systemic disease that causes prema-
ture degeneration in virtually every organ, including the
eyes, heart, kidneys, blood vessels, central and peripheral
nervous systems, and joints [1–5]. Diabetes mellitus is an
important aetiological factor in premature intervertebral disc
degeneration [6–8]. There is a high risk of degenerative disc
diseases in patients with diabetes at a younger age than in
the nondiabetic population [9–11]. In addition, diabetic pa-
tients with degenerative disc diseases have a relatively un-
satisfactory surgical outcome compared to nondiabetic
patients. Therefore, understanding the mechanism by which
diabetes mellitus affects intervertebral disc degeneration is
the first step in designing therapeutic modalities to delay or
prevent intervertebral disc degeneration caused by diabetes
mellitus.

Notochordal cells form the notochord, which in turn
contributes to the formation and maintenance of the nucleus
pulposus of the intervertebral disc. After birth, the majority
of notochordal cells gradually disappear by apoptosis
[12–15]. In humans, notochordal cells are very rarely pres-
ent after the age of ten years, and the nucleus pulposus
transforms with time into a fibrocartilaginous nucleus
pulposus. With this transition, intervertebral disc degenera-
tion begins [16]. Therefore, the disappearance of notochord-
al cells by apoptosis in the nucleus pulposus is thought to be
the starting point of intervertebral disc degeneration. A
previous study reported that non-diabetic rat notochordal
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cells undergo Fas type 2-mediated intrinsic (mitochondrial)
pathway, and a regulated negative balance of notochordal
cell proliferation against apoptosis is likely to involve the
disappearance of notochordal cells [17].

Won et al. recently reported a cellular effect of diabetes
mellitus on apoptosis of notochordal cells and intervertebral
disc degeneration [18]. In their study using aged-matched
diabetic and nondiabetic rats, Won et al. suggested that
diabetes mellitus is associated with premature, excessive
apoptosis of notochordal cells of the nucleus pulposus,
accelerating the transition of a notochordal nucleus pulposus
to a fibrocartilaginous nucleus pulposus. The premature
phenotypic change of the nucleus pulposus in diabetic rats
increased the expression of matrix metalloproteinases
(MMPs) and tissue inhibitors of metalloproteinases
(TIMPs), resulting in rapid intervertebral disc degeneration
and fibrosis. However, how the duration and severity of
diabetes mellitus affects the intervertebral disc degeneration
including viability, apoptotic pathway, expression of MMPs
and TIMPs of notochordal cells is still unknown. Therefore,
we performed a study to investigate these questions.

Materials and methods

Cell culture and treatment with three different high
glucose concentrations

All lumbar intervertebral discs (L1-6) were harvested from
four-week-old male Sprague Dawley rats (Orient Bio.,
Korea) immediately after they were killed. We carefully
dissected the discs under a microscope to obtain only the
gelatinous notochordal nucleus pulposus (NP) tissue, and
the harvested NP tissue was pooled in [alpha]-minimum
essential medium ([alpha]-MEM; Gibco BRL, Grand
Island, NY, USA). The notochordal cells were released from
the NP tissue in HBSS (Hyclone, Ottawa, Ontario, Canada)
with 0.02 % pronase (Sigma, St. Louis, MO) by vigorous
pipetting. Notochordal cells were cultured in a complete
medium [alpha]-MEM supplemented with 10 % foetal bo-
vine serum (Hyclone), and 1 % penicillin-streptomycin
(Gibco BRL) at 37 °C in a humidified atmosphere (95 %
air–5 % CO2). After the cells grew to confluence, they were
split once (passage 1) and grew to confluence again. For use
in the experiments, the cells were then trypsinised, washed,
and plated on six- or 48-well culture plates. When noto-
chordal cells reached 80 to 90 % confluence, the notochordal
cells were placed in either foetal bovine serum (FBS) (normal
control) of 10 % FBS plus three different high glucose
concentrations (0.1 M, 0.2 M, and 0.4 M) (experimental
conditions) for one, three, five and seven days. This study
was approved by the Institution’s Animal Care and Use
Committee.

Evaluation of cell proliferation

For the MTS (CellTiter 96® Aqueous, Promega, Madison,
WI) assay method, 40 μl of (5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt (MTS) in normal control and experimental condi-
tions medium was added to each well. After incubation for
two hours at 37 °C in a humidified, 5 % CO2 atmosphere
with MTS, the absorbance at 490 nm was then recorded
using an ELISA plate reader. Each point represents the
mean±SD of six replicates.

Evaluation of cell apoptosis

For evaluation of apoptosis, notochordal cells were fixed
with 4 % paraform aldehyde (PFA) (Fluka-Sigma Aldrich)
in PBS for 15 minutes on ice and incubated with 0.1 % PBS-
Triton-X-100 (PBS-T) at room temperature for 20 minutes.
After washing, the cells were stained with 4′, 6-diamidino-2-
phenylindole (DAPI) staining (VECTASHILED, VECTR,
Burlingame, CA, USA). Apoptosis of notochordal cells was
determined under the fluorescence microscopy (Olympus,
Melville, NY, USA) based on morphologic changes, such as
chromatic condensation and nuclear fragmentation. Two
pathologists who were unaware of the clinical date were
responsible for determining the apoptosis of notochordal
cells. Total and apoptotic cells were counted three times in
six high-power fields (x400) from each of three sections of
specimen and summed. The average of total and apoptotic
cells per specimen was then obtained. Finally, the percent-
age of apoptotic cells compared with total cells was calcu-
lated as apoptotic index (%).

Western blot analysis

For western blot analysis, antibodies toMMP-2, -3, -9, and -13
(Abcam Plc, Cambridge, UK), MMP-1 (Lifespan Providence,
RI, USA), MMP-7 (Calbiochem, Dasrmstadt, Germany),
Caspase-8, Bid, TIMP-1 and -2 (SantaCruz Biotechnology,
CA, USA), caspase-3, -9, cytochrome-c, Akt, Phospho-p38
MAPK and poly (ADP) ribose polymerase (PARP) (Cell
Signaling Technology Inc., MA, USA) were purchased. In
addition, antibody for loading control ß-actin was obtained
from SIGMA (Sigma, St. Louis, MO, USA).

Expressions of MMP-1, -2, -3, -7, -9, and -13 and TIMP-
1 and -2 were determined by western blot analysis according
to the manufacturer’s instructions. ß-actin was used as an
internal control for protein-loading. The cells were washed
with ice-cold phosphate-buffered saline solution and lysed
in PRO-PREP protein extraction solution (iNtRON
Biotechnology, Inc., Korea). The cell lysates were centrifuged
at 12,000 g for 15 minutes, and protein concentrations were
measured with the Bicinchoninic Acid (BCA)(Thermo
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scientific) method. Samples (50–70 μg of protein) were
electrophoresed on 10% to 15% SDS-PAGE (sodium dodecyl
sulfate-polyacrylamide gel electrophoresis) and transferred to a
nitrocellulose membrane. The membranes were incubated with
primary antibodies, followed by second antibodies of HRP
(horseradish peroxidase)-linked IgG (immunoglobulin G)
(Bio-Rad, Hercules, CA, USA), and immunereactive bands
were visualised with the western blotting luminol reagent
(Santa Cruz Biotechnology, CA, USA). Blots were quantified
using Imaging Densitometer GF670 and Molecular Analyst
software (Bio-Rad, Hercules, CA, USA) three times in each
sample, and the average of three densities was used as the final
density. The value of the density was presented as the mean ±
SD (arbitrary units).

Statistical analysis

All experiments were independently conducted three times,
and the results were expressed as the mean and standard
deviation of the values derived with the three tests.
Statistical analysis was done with the paired-samples and
independent-samples t test. P<0.05 was considered to be the
level of significance.

Results

Effect of high glucose concentration on proliferation
of notochordal cells

Each three different high glucose concentrations significant-
ly decreased proliferation of notochordal cells from culture
days one to seven with time- and dose-dependent manner
(Fig. 1).

Effect of high glucose concentration on apoptosis
of notochordal cells

DAPI staining demonstrated that notochordal cells underwent
apoptosis under the three different high glucose concentra-
tions in culture day one (Fig. 2a), day three (Fig. 2b), day five
(Fig. 2c), and day seven (Fig. 2d). Figure 3 shows that each
different high glucose concentration significantly increased
apoptosis of notochordal cells from culture days one to seven
with time- and dose-dependent manner.

Apoptotic pathway of notochordal cells under high
glucose concentration

Western blot analysis showed an increased expression of
Fas, the proteins associated with the intrinsic (mitochondrial)
pathway of apoptosis (Bid, cytochrome-c, caspase-9), and the
final executioner of apoptosis (caspase-3) in notochordal cells

treated with each different high glucose concentration.
However, the protein associated with the extrinsic pathway
(caspase-8) was not identified in notochordal cells treated with
each different high glucose concentration (Fig. 4). The degree
of expression of Fas, Bid, cytochrome-c, caspase-3, and
caspase-3 was significantly increased in each the three differ-
ent high glucose concentrations compared with those of 10 %
FBS (Fig. 5).

Effect of high glucose concentration on expression
of MMPs and TIMPs

Western blot analysis showed an increased expression of
MMP-1, -2, -3, -7, -9, and -13 and TIMP-1 and -2 in
notochordal cells treated with each different high glucose
concentration (Fig. 6). The degree of expression of MMP-
1, -2, -3, -7, and -13 and TIMP-1 and -2 was signifi-
cantly increased in each of the three different high
glucose concentrations compared with those of 10 %
FBS (Fig. 7).

Discussion

Notochordal cells have a very unusual lifespan. The noto-
chordal cells reside in the notochordal nucleus pulposus and
produce gel-like vacuole-rich nucleus pulposus tissue until
they disappear at some point during the individual’s lifetime
[12–15]. As notochordal cells disappear by apoptosis,
chondrocytes migrating from cartilage-endplates gradually
replace notochordal cells and change the gelatinous noto-
chordal nucleus pulposus into a fibrocartilaginous nucleus
pulposus [16]. With progress of this chronological transi-
tion, intervertebral disc degeneration starts. Therefore, the
disappearance of notochordal cells from the nucleus
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Fig. 1 Each of three high glucose concentrations significantly sup-
press proliferation of notochordal cells from culture days 1 to 7 with
dose- and time-dependent effects compared with those of 10 % foetal
bovine serum. ***p<0.001; **p<0.01
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pulposus is thought to be the starting point of intervertebral
disc degeneration, which may occur at different ages even in
the same species.

Fas induces apoptosis in Fas-bearing cells on binding of
its ligand (FasL) via two major pathways including extrinsic

(death receptor) and intrinsic (mitochondrial) pathways
[19–22]. Caspases are a family of cysteine proteases that
cleave their substrates after aspartic acid residues. The
caspases involved in apoptosis are divided into two sub-
families, the initiator (caspase 2, 8, 9, and 10) and

A B

C D

Day 1

10%

a

b

0.1M

FBS Glucose

0.2M

Glucose Glucose

A B

C D

Day 3

10% 0.1M

FBS Glucose

0.2M 0.4M

Glucose Glucose

0.4M

Fig. 2 4′, 6-diamidino-2-phenylindole (DAPI) staining demonstrated
that notochordal cells underwent apoptosis under each of the three
different high glucose concentrations in culture day 1 (a), day 3 (b),

day 5 (c), and day 7 (d). Apoptosis of notochordal cells was deter-
mined by morphological changes, such as chromatic condensation and
nuclear fragmentation (red arrows)
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executioner caspases (caspase 3, 6, and 7). In the extrinsic
(death receptor) pathway, caspase-8 directly activates
caspase-3, an executioner of apoptosis, whereas in the intrinsic
(mitochondrial) pathway, caspase-3 is activated by caspase-9 via
mitochondria such as cleavage of Bid and cytochrome-c. It has
been reported that in non-diabetic rat, notochordal cells undergo

Fas-mediated apoptosis via the type 2 intrinsic (mitochondrial)
pathway and a regulated negative balance of notochordal cell
proliferation against apoptosis is likely to involve the disappear-
ance of notochordal cells in the nucleus pulposus [17].

Our study demonstrates that each of three high glucose
concentrations significantly decreased proliferation and
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Fig. 2 (continued)
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increased apoptosis of notochordal cells from culture on
days one to seven in a dose-dependent manner compared
with 10 % FBS normal control. In addition, Fas, caspase-9
and -3 activities and cleavage of Bid and cytochrome-c were
significantly increased in each of three high glucose con-
centrations. These findings suggest that diabetes mellitus
enhances apoptosis of notochordal cells via the Fas type
2-mediated intrinsic (mitochondrial) pathway, which oc-
curs in a non-diabetic condition, with dose- and time-
dependent effects and decreases proliferation of noto-
chordal cells. As a result, an enhanced regulated negative
balance of notochordal cell proliferation against apoptosis
seems to cause more rapid disappearance of notochordal
cells in diabetic nucleus pulposus compared to non-
diabetic. This results in an accelerated transition of a
notochordal nucleus pulposus to a fibrocartilaginous

nucleus pulposus, which leads to early intervertebral disc
degeneration.

MMPs are a family of zinc-dependent enzymes that de-
grade extracellular matrix components [23, 24]. It is known
that increased expression of MMPs is responsible for
intervertebral disc degeneration and disc herniation [25,
26]. The activity of MMPs can be affected by several
factors, especially TIMPs. The TIMPs bind strongly, but
noncovalently, to activated MMPs. They are coexpressed
with MMPs and contribute to the regulation of their activity
so that increases in TIMP levels reduce MMP activity.
However, contradictory results regarding the delicate bal-
ance between MMP and TIMP expression have been
reported in several pathological conditions, such as abdom-
inal aortic aneurysms, chronic liver injury, and osteoarthritis
[27–29].
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Fig. 3 Each of the three different high glucose concentrations signif-
icantly increased apoptosis of notochordal cells from culture days 1 to
7 in a time- and dose-dependent manner. ***p<0.001; **p<0.01
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Fig. 4 Western blot analysis
shows an increased expression
of Fas, the proteins associated
with the intrinsic
(mitochondrial) pathway of
apoptosis (Bid, cytochrome-c,
caspase-9), and the final
executioner of apoptosis
(caspase-3) in notochordal cells
treated with each of the three
different high glucose
concentrations. However, the
protein associated with the
extrinsic pathway (caspase-8)
was not identified in
notochordal cells treated with
each of the different high
glucose concentrations
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Fig. 5 The degree of expression of Fas, Bid, cytochrome-c, caspase-3,
and caspase-3 was significantly increased in each of the three different
high glucose concentrations compared with those of 10 % FBS. **p<
0.01; *p<0.05
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According to Won et al., the expression of MMPs and
TIMPs was significantly increased in the nucleus pulposus
of diabetic rats compared with non-diabetic rats of the same
ages [18]. Our study also demonstrates that each three high
glucose concentration significantly increased the expression
of MMP-1, -2, -3, -7, -9, and -13 and TIMP-1 and -2 in
notochordal cells from culture days one to seven in a dose-
dependent manner compared with 10 % FBS normal con-
trol. These findings suggest the possibility of a cycle where-
in the presence of denatured extracellular matrix
components leads to increased MMP production, in turn

generating more denatured extracellular matrix components.
The profound destruction of extracellular matrix compo-
nents in intervertebral disc degeneration may stimulate fur-
ther increased expression of TIMPs, resulting in rapid
intervertebral disc degeneration and fibrosis.

There were some limitations to our study. First, while the
in vitro cell culture system is a well-accepted study model,
what occurs in notochordal cells in vivo is different from
that which occurs in notochordal cells in vitro. Second, we
cultured the notochordal cells in three different high glucose
concentrations (0.1 M, 0.2 M, and 0.4 M) for one, three,
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Fig. 6 Western blot analysis
shows an increased expression
of MMP-1, -2, -3, -7, -9, and -
13 and TIMP-1 and -2 in
notochordal cells treated with
each of the three different high
glucose concentration
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expression of MMP-1, -2, -3, -
7, and -13 and TIMP-1 and -2
was significantly increased in
each of the three different high
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compared with those of 10 %
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five, and seven days. However, we do not know how these
experimental culture conditions reflect the degree and dura-
tion of diabetes mellitus in vivo. Therefore, our results
should not be viewed as a definitive explanation of what
occurs in patients with diabetes mellitus. Despite some lim-
itations, now that we have a better understanding of the
degenerative process that occurs with diabetes, we can design
further experiments to determine if therapeutic modalities—
including modulation of serum glucose levels, and employing
inhibitors of MMPs—can alter the chronology of events.

In conclusion, our study demonstrates that high glucose
concentration significantly decreased proliferation and in-
creased apoptosis of notochordal cells via the intrinsic path-
way with dose- and time-dependent effects. We also found
that expression of MMPs and TIMPs was increased with
dose- and time-dependent effects. Therefore, aggressive
glucose control from an early stage of diabetes mellitus
should be recommended to prevent or limit intervertebral
disc degeneration.
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